A new statistical approach is needed to describe the clinical differences between type I and type II Usher syndrome and between the 2 most frequent mutations in the USH2A gene.
It is characterized by sensorineural hearing loss, retinitis pigmentosa (RP), and variable vestibular dysfunction. Usher syndrome is clinically and genetically heterogeneous and is the most common form of genetic deafness and blindness, representing 50% of all cases. 4 The majority of patients with Usher syndrome usually fall into 1 of 3 clinical categories. 5 Type I Usher syndrome is the most severe form and is characterized by severe to profound congenital deafness, vestibular areflexia, and prepubertal onset of RP; type II Usher syndrome manifests as moderate to severe hearing loss, absence of vestibular dysfunction, and subsequent onset of RP; and type III Usher syndrome is characterized by progressive postlingual hearing loss, variable onset of RP, and variable vestibular response. However, some cases are not easily classifiable under these categories and could be categorized as atypical Usher syndrome. 6, 7 To date, 10 genes responsible for Usher syndrome have been identified: 6 genes responsible for type I Usher syndrome (MYO7A, USH1C, CDH23, PCDH15, USH1G, and CIB2); 3 genes responsible for type II Usher syndrome (USH2A, GPR98 [also known as VLGR1], and DFNB31 [or WHRN]; and 1 gene responsible for type III Usher syndrome (USH3A or CLRN1), 8, 9 although the HARS gene has been recently proposed as a novel gene responsible for type III Usher syndrome. 10 Another gene, PDZD7, was shown to contribute to type II Usher syndrome by modifying the retinal phenotype on a USH2A background or in digenic inheritance with GPR98.
11
With the exception of some inbred populations, in which 1 or 2 mutations account for most of the syndromic cases (eg, p.Tyr173* in the CLRN1 gene in Finns; c.733C>T, p.Arg245* in the PCDH15 gene in Ashkenazi Jews; and c.216G>A in the USH1C gene in Acadians), [12] [13] [14] most of the mutations responsible for
Usher syndrome are private and are found in 1 or a few families. Only the mutation c.2299delG (p.Glu767Serfs*21) on the USH2A gene accounts for a high proportion of cases of type II Usher syndrome of European origin with allele frequencies of 15% to 50%, 15 as well as mutation c.2276C>G (p.Phe759Cys) on the USH2A gene, which is implicated in a 4% of mutated alleles in autosomal recessive RP in Spanish patients. 16 Although the auditory and vestibular functions are the distinguishing features of the different types of Usher syndrome, RP is the main ophthalmic manifestation shared by all the types of Usher syndrome. Some authors 1, [17] [18] [19] [20] have reported an earlier onset and more severe form of RP in patients with type I Usher syndrome. However, it is uncertain whether these differences are highly prevalent or clearly distinguishable among the different types of Usher syndrome, and some authors [21] [22] [23] [24] [25] have argued that the prognosis for visual function is not significantly different in the 2 most prevalent types (type I and type II Usher syndrome).
To date, many genetic advances have been made in the molecular diagnosis of Usher syndrome. However, the indistinguishable symptoms within the same clinical type of Usher syndrome and the similar symptoms among the different clinical types of Usher syndrome hamper this molecular diagnostic.
In the present study, we evaluated 433 patients (belonging to 297 unrelated families) who received a diagnosis of Usher syndrome. Of these 433 patients, 304 patients (256 families) underwent molecular analysis. Our aim was to quantitatively describe the primary phenotypic characteristics and differences between type I and type II Usher syndrome in this cohort and to establish a phenotype-genotype correlation for the most frequent mutations in the USH2A gene. This information would be useful in determining the prognosis for affected patients and would assist in genetic counseling and in assigning phenotypes for molecular study.
Methods

Audiological, Vestibular, and Ophthalmological Studies
A total of 297 unrelated families (433 patients) that were suspected of having Usher syndrome presented to our genetics department during the period from 1992 to 2012. Written informed consent was obtained from all patients and family members. All procedures were reviewed and approved by the ethics committee of the hospital and adhered to the tenets of the Declaration of Helsinki (59th World Medical Association General Assembly; Seoul, Korea; October 2008).
Patients were classified according to their clinical history, pedigree data, results from ophthalmological studies, [18] [19] [20] 25 Ophthalmological status was established according to data obtained following an established protocol. These data consisted of the patient's own ophthalmological history and the ophthalmological history of his or her family (eg, onset of symptoms, age at diagnosis, and diagnosis) obtained from ophthalmological studies, [18] [19] [20] 25 
Genetic Analysis
A total of 433 patients (belonging to 297 unrelated families) who received a diagnosis of Usher syndrome were evaluated for genetic study. At least 1 affected family member from each of 256 recruited families underwent molecular testing (eTable in the Supplement). Only 129 patients (from 41 unrelated families) were not analyzed owing to different causes (eg, a molecular diagnosis had already been given to an affected sibling or data on DNA were not available) (eTable in the Supplement).
Patients were analyzed using a specific Usher syndrome genotyping microarray for mutation screening (http://www .asperbio.com/asper-ophthalmics/usher-syndrome-genetic -testing) 28 (versions from October 2007 to December 2012). The
Usher syndrome microarray detects at least 1 mutation in about 34% of the patients because it only detects those previously identified mutations that have been incorporated into the microarray, 29 
Statistical Analysis
The statistical analysis of the differences between mean values was calculated for the different parameters analyzed. The Mann-Whitney U test included in SPSS version 15.0 (SPSS Inc) was used to calculate the differences in the onset of night blindness, visual field loss, and visual acuity loss and in the age at diagnosis of cataracts and of hearing loss because these variables did not present a normal distribution. The differences in severity of hearing loss were analyzed using a χ 2 test included in Epidat 4.0. The comparisons between the type I and type II Usher syndrome phenotypes revealed P < .001 for most of the items analyzed and P = .02 for the age at onset of visual acuity loss ( Table 1) . The only analyzed item that did not show P < .05 was age at diagnosis of cataracts (P = .20). The mean (SD) age at diagnosis, age at onset of night blindness, age at onset of visual field loss, age at onset of visual acuity loss, age at diagnosis of cataracts, and age at diagnosis of hearing loss for patients with type I or type II Usher syndrome are shown in Table 1 .
Results
As
Data on severity of hearing loss among patients with type I or type II Usher syndrome are shown in eFigure 1 in the Supplement; all patients with type I Usher syndrome (except 1 patient who reported moderate hearing loss) had severe to profound hearing loss (98.7% [95% CI, 97.4%-100.0%]), whereas patients with type II Usher syndrome had moderate hearing loss (80.3% [95% CI, 75.0%-85.6%]). The statistical analysis showed P < .001 for the comparison of the severity of Table 2) .
Among the 136 USH2A mutated cases (including cases of type II, atypical, and unclassified Usher syndrome), we detected 76.1% (95% CI, 71.0%-81.2%) of the expected mutations (category 1; 207 of 272 alleles) ( Table 3) . Also, we found that USH2A accounted for 76.3% (95% CI, 70.8%-81.9%) of the mutated alleles in those cases of type II Usher syndrome with at least 1 detected mutation (category 2: 171 of 224 alleles) and for 45.5% (95% CI, 40.4%-50.5%) of the total type II Usher syndrome alleles included in our study (category 3: 171 of 376 alleles).
The most frequent mutation was p.Glu767Serfs*21, which accounted for 23.2% (95% CI, 18.1%-28.2%), 25.5% (95% CI, 19.7%-31.2%), and 15.2% (95% CI, 11.5%-18.8%) for category 1, category 2, and category 3, respectively ( Table 3 ). The p.Cys759Phe mutation accounted for 8.1% (95% CI, 4.8%-11.3%) for category 1, 4% (95% CI, 1.4%-6.6%) for category 2, and 2.4% (95% CI, 0.8%-3.9%) for category 3 ( Table 3 ). The rest of the mutations in USH2A accounted for less than 5% in all categories (Table 3 ). The phenotypes associated with p.Glu767Serfs*21 and p.Cys759Phe mutations are shown in Table 4 .
Patients carrying mutations in the USH2A gene (patients with type II or atypical Usher syndrome; clinical data were not available for the patient with unclassified Usher syndrome) were divided into 3 groups for phenotype analysis: the p.Glu767Serfs*21 group (those with at least 1 allele with the p.Glu767Serfs*21 mutation), the p.Cys759Phe group (those with at least 1 allele with the p.Cys759Phe mutation), and "other" group (those who did not have either the p.Glu767Serfs*21 mutation or the p.Cys759Phe mutation).
Patients The mean (SD) age at diagnosis, age at onset of night blindness, age at onset of visual field loss, age at onset of visual acuity loss, age at diagnosis of cataracts, and age at onset of hearing loss for p.Glu767Serfs*21, p.Cys759Phe, and "other" patients are shown in Table 5 . The comparison between groups p.Glu767Serfs*21 and "other" showed P > .05 for all analyzed parameters (data not shown). The mean values for the p.Glu767Serfs*21 group were very similar to those found in the general type II Usher syndrome group (Tables 1 and 5 ). The analysis of p.Cys759Phe vs p.Glu767Serfs*21 revealed P < .01 for most of the ophthalmological items analyzed (Table 5) , with p.Cys759Phe showing a milder ophthalmological phenotype.
Although most of the patients carrying the p.Cys759Phe mutation had only mild hearing loss, and none of them had the severe hearing loss phenotype, most patients carrying the p.Glu767Serfs*21 mutation were moderately deaf (72.1% [95% CI, 58.7%-85.5%]). Data on the severity of hearing loss among patients with USH2A mutations are shown in eFigure 2 in the Supplement. The comparison of the severity of hearing loss between p.Glu767Serfs*21 and p.Cys759Phe patients resulted in P < .001, and the comparison of the severity of hearing loss between "other" and p.Cys759Phe patients resulted in P < .001. No difference was found in the severity of hearing loss between p.Glu767Serfs*21 and "other" patients (data not shown).
Discussion
Clinical differences between the Usher syndrome subtypes were established long ago. 1, 5 Nevertheless, it is not always easy to classify patients under any single subtype. 6 In our analysis, it has been observed that all visual impairment in patients with type I Usher syndrome (except cataracts) appears at around adolescence, whereas for patients with type II Usher syndrome, symptoms are diagnosed in the third decade of life (Table 1) . Hearing loss in patients with type I Usher syndrome is diagnosed in the first year of life, whereas for patients with type II Usher syndrome, the mean age at diagnosis of hearing loss is 9 years. These phenotypic differences can help not only with regard to the ini- tial clinical classification but with regard to the molecular study approach, because vestibular data are not always available for all patients and because clinical data can be incomplete for all the items needed for classification. We must keep in mind that all items analyzed, except for type I Usher syndrome hearing loss, have a variable age at onset in both type I and type II Usher syndrome groups. However, given that all the phenotypic variables analyzed showed statistical differences between type I and type II Usher syndrome (with the exception of cataracts), we can say that the onset of clinical symptoms (visual and audiological impairment) occurs later in patients with type II Usher syndrome than in patients with type I Usher syndrome. Moreover, hearing loss in patients with type II Usher syndrome is said to be prelingual, 17,43 although diagnosis (or awareness by patients)
is usually postlingual. 44 This could be due to various reasons, such as conversational frequencies that can be only mildly affected in these patients 44 (patients may not be aware of hearing loss), very slow progression of hearing impairment (reported by some patients), and/or damaging environmental agents that can worsen hearing loss (reaching a level of impairment that the patient can notice). When analyzing the phenotype associated with the most frequent mutations in the USH2A gene, we found that an evident difference appears between p.Glu767Serfs*21 and p.Cys759Phe. The p.Glu767Serfs*21 group mean values for all We did not find the p.Cys759Phe mutation in the homozygous state in our cohort of patients with type II Usher syndrome. However, according to our data, those compound heterozygotes carrying p.Cys759Phe appear to display an atypical type II Usher syndrome phenotype.
The phenotype of patients with type II Usher syndrome who carry the p.Cys759Phe mutation is characterized by a later onset of RP, compared with the general population of patients with type II Usher syndrome, and mild to moderate (but not severe) hearing loss. These facts can explain the late diagnosis of some patients with Usher syndrome who received an unclear diagnosis because hearing loss can be overlooked or can be diagnosed later (being interpreted as presbyacusis).
In addition, variability in sensorineural hearing loss for p.Cys759Phe has already been described. 7, 38 According to our data, patients with RP who carrying p.Cys759Phe should undergo an audiological examination (and follow-up) by an expert, to discard or correctly diagnose Usher syndrome, because a correct diagnosis has substantial implications for hearing prognosis and clinical management, and also for genetic counseling and family risk. Usher syndrome is a clinically and genetically heterogeneous disease. Our study presents, in an objective way, the clinical differences between type I and type II Usher syndrome and between the 2 most frequent USH2A gene mutations.
Conclusions
Many efforts have been made to improve the clinical and genetic diagnosis of Usher syndrome because the correct classification of patients as having type I, type II, or type III Usher syndrome is a very important issue not only in molecular genetic studies, defining the genetic testing strategy, but from a clinical point of view; it is crucial for the prognosis, management, and counselling of patients. In the field of molecular diagnosis, the Usher syndrome microarray was implemented to detect mutations underlying Usher syndrome cases in a cost-efficient way, independent of the clinical type. Moreover, in spite of its limitations, as only detecting previously identified mutations that have been incorporated to the microarray, its low mutation detection rate, and its need for regular updating, the microarray has proved to be a good first choice for diagnostic testing for the past few years.
Regarding the correct classification of Usher syndrome, molecular genetic diagnostic has allowed for a better understanding of this complex disease. However, diagnosis and classification remain difficult for some patients, and a great effort still needs to be made in the field of genotype-phenotype correlations. As presented in our study, detailed genotype-phenotype correlations allow for a better correlation of clinical signs with a known genotype and can improve the clinical management of Usher syndrome because then an estimated prognosis of disease can be made. A, Morning glory disc anomaly may be associated with ipsilateral carotid dysgenesis and moyamoya disease (Japanese for the "something hazy like a puff of cigarette smoke" appearance created by dilated collateral vessels on angiography). Absence of central retinal vasculature gives rise to compensatory collateralization of chorioretinal anastomoses (cilioretinal vessels) to also impart a "moyamoya" bypass system that is ophthalmoscopically visible within the distal optic nerve. B, Color Doppler ultrasonography demonstrates the absence of vasculature within the central optic nerve (Video 1 and Video 2). Arterial flow within 1 cilioretinal artery is imaged in red.
